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SUMMARY 

This document constitutes the Final Report of the work performed 

under contract between the Thermo Electron Corporation and the Je t  

Propulsion Laboratory of the California Institute of Technology. The 

effort was conducted from 23 June 1966 to 6 November 1967. The Jet  

Propulsion Laboratory designation of this contract i s  No. 951465, and 

it was sponsored by the National Aeronautics and Space Administration 

under Contract NAS 7-100. 

The objective of this program was t o  incorporate a heat-pipe heat- 

rejection structure in the design of the advanced SET converter devel- 

oped concurrently by Thermo Electron Corporation for the Je t  Propulsion 

Laboratory under JPL Contract No. 951 263. 

To accomplish this objectivep the original statement of work r e -  

quired the design, fabrication and tes t  of a heat-pipe model designated 

TIE-1.  

designated T/E-2 ,  was to be designed, fabricated and tested. 

would then continue with the iterative design, construction and tes t  of a 

After interpretation of the tes t  results,  a second modelp 

The work 

complete heat-pipe converter model designated EM-1 , and after tes t  

of EM-1, it would conclude with the design, fabrication and tes t  of a 

final heat-pipe converter designated HP-1. 

Severe difficulties encountered during the fabrication of T/ E-1 

and T/ E-2 indicated that the fabrication of only two heat-pipe models 

might not be sufficient t o  lead to the development of a heat pipe which 

could be incorporated into a converter structure. 

under JPL Contract 951263 on the development of advanced SET con- 

ver ter  s had nearly halted because of an important collector overheating 

problem, and it was judged that further progress would not be possible 

Concurrently, work 



ivithout the -incorporation of a heat-pipe collector -radiator into the 

structure .of the advanced converter. 
. , .  

Consequently, JPL redirected the work under Contract 9 51 46 5 

to  (a)  ensure the successful development of a collector-radiator heat 

pipe, and (b) develop a heat pipe of the exact s ize  required by the 

advanced SET converter. Under the redirected effort, the test  of 

T/E-2 had to be followed with the design, fabrication and tes t  of 

a third heat-pipe model, designated T/E-3. 

fourth and final model, designated T/E-4, with a heat-pipe of larger  

After test of T/E-3 a 

size, had to be designed, fabricated and tested. 

models had to  include a heat-transfer tes t ,  a thermal cycling tes t ,  

and a 100-hour run a t  maximum heat load. 

The test  of al l  four 

Model T/E- 1 failed shortly after completion of the heat-transfer 

test  due to an embrittling reaction that had occurred during assembly 

between the niobium heat pipe wall and i ts  radiative coating. 

Model T/E-2 also failed shortly after completion of the heat-transfer 

test. 

in collector overheating with the consequent failure of the heat pipe a t  

the point where it is  joined to the collector. 

Its failure was due to  a faulty capillary assembly, which resulted 

Model T/E-3 was actually fabricated with an emitter structure and 

operated a s  a converter. 

radiator heat load f o r  accurate heat pipe sizing. 

successfully the thermal cycling tes t  and a 400-hour run at maximum 

Its test yielded valuable data on converter 

This model completed 

load. 

Model T/E-4 did not include an emitter structure. It had a larger  

radiator a r e a  than the three previous models, and it could accommodate 

iv 
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an output current of 71. 5 amperes a t  the optimum collector temperature. 

This i s  30% greater than the previous corresponding value of 55 amperes.  

This model also completed successfully the thermal cycling tes t  and the 

100-hour run a t  maximum load. 

emitter structure, it was possible to drive it with a considerably larger  

input than model T/E-3. 

large that the heat pipe achieved burn-out conditions, and the internal 

capillary structure was damaged. The heat pipe became sensitive to  

sudden application of heavy thermal loads, and after 150 hours of 

operation at  a heat input corresponding to a converter output current 

of 120 amperes,  the device failed, 

Because the model did not include the 

In one instance the input power became so 

’ In conclusion, a collector -radiator structure suitable for incorpora- 

tion in the JPL advanced SET converter has been successfully developed. 

The structure has exhibited no structural  o r  functional weaknesses when 

used in a converter configuration. It offers the important advantages of 

improving converter heat transfer and of greatly reducing the weight of 

the T-200 converter. 

to be fabricated under JPL Contract 951263, and further refinements in 

heat pipe technology may be expected to result  f r o m  this additional 

effort 

1 

It will be used in converters T-208, -209 and -210, 
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1 e INTRODUCTION 

The initial objective of this program was to develop a converter of 

the design used in Contract No. 951263, but incorporating a heat pipe 

concept to transfer heat between the collector and the radiator. 

work involved the design, fabrication and tes t  of two heat pipe models 

designated T/E-1 and T/E-2, and was to be followed by the design, 

fabrication and tes t  of two heat-pipe thermionic converters designated 

The 

EM-1 and HP-1. 

sequence to allow a thorough evaluation of each design before proceeding 

The four devices were to be fabricated and tested in 

with the next iteration. 

structure was the most important aspect of the work under this contract, 

the f i rs t  two devices included only the heat pipe, and it was only in the 

last  two that an attempt was to be made to  fabricate a complete converter 

structure incorporating a heat-pipe collector-radiator. 

Since the development of a suitable heat pipe 

The difficulties that were encountered in the fabrication of models 

T/E-1 and T/E-2 prompted JPL to redirect  the effort so that the 

resources provided under the program could be more fully allocated to 

advance heat-pipe technology. Under the redirected effort, the devel- 

opment of models T/E-1 and T/E-2 was followed by the sequential 

design, fabrication and test  of two more  models, designated T/E-3 

and T/E-4, to take the place of EM- 1 and HP- 1 

involve substantial size changes in order to permit immediate incorpora- 

Model T/E-4 was to 

' tion in the structure of converter T-208, being developed under the con- 

current JPL Contract 951263, and thereby solve a severe collector over- 

heating problem that had been encountered in the course of that work. 

1 
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, 

2. DEVELOPMENT O F  MODEL T/E-1 

2. 1 Design 

To ensure compliance with the requirement that the heat pipe 

models be compatible with the converter structure being developed 

under the concurrent J P L  contract 951263, the heat-pipe models 

were designed to enable the possible inclusion of an emitter structure,  

a cesium reservoir system, output leads and a mounting support. 

The design of the model T/E-1 heat pipe including the com- 

ponents fo r  converter fabrication i s  presented in Figure 1. 

model can use the same emitter structure and ceramic seal a s  the 

T-200 converter. The heat-pipe structure is a single tube which 

extends from the collector a t  the front to the cesium reservoir a t  the 

rear .  This tube is made of niobium in order to ensure compatibility 

with the heat-pipe liquid metal and t o  minimize expansion-matching 

problems with the ceramic seal. 

tubular element, par t  No. 10 ,  serves  a s  the inner seal  flange, and i s  

brazed to the heat pipe also. This part  was used mainly to serve as a 

transition piece between the inside diameter of 0 . 6 6 0 ! 1  of the standard 

T-200 ceramic seal to the outside diameter of the available heat-pipe 

tube, which was 5/8" in outside diameter. 

outside diameter was procured, and i t  became possible to eliminate 

the transition piece in model T/E-4. 

This 

As shown in the figure, a concentric 

Later,  tubing of 0.680" 

The collector end of the heat pipe i s  a niobium slab with a hole 

a t  its center in order to connect to the cesium reservoir tubulation. 

This slab is made of niobium in order to facilitate matching the 

expansion of the heat pipe and welding to  it. The heat-pipe space 

2 
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Figure 1 
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extends between two concentric tubes, parts Nos. 9 and 14. The inner 

tube, par t  14, is provided in order to allow the f ree  passage of the 

cesium reservoir tubulation, and to lengthen a s  much a s  possible the 

thermal path between the collector and the cesium reservoir  without 

having to  locate the cesium reservoir  far  f rom the end of the radiator 

heat pipe. 

The most important design details a r e ,  of course, those that 

concern the heat pipe itself. 

i s  coated with two wraps of 400-mesh stainless steel screen that 

extends from one end to the other and bends around the collector 

inser t  piece, par t  No. 16, to provide good thermal contact with the 

r ea r  face of the collector slab. As shown in view A-A of Figure 1, 

part  No. 16 has a lal'ge number of perforations s o  that any heat pipe 

fluid boiled off a t  the collector end can easily be transferred from the 

capillary mesh to the heat pipe conduit. 

To maintain the capillary mesh screen in good contact with the inside 

walls of the heat pipe, a single wrap of 5-mil-thick niobium sheet, 

part  No. 17, perforated as shown in view B-B, i s  inserted to fit snugly 

against the mesh screen. 

center distance of the par t  No. 17 perforations to  be 7/32". 

tance was changed to  3/16" during the fabrication of T/E-1 because of 

the availability of the corresponding perforations dies a t  the perforated 

sheet supplier e 

The inside wall of the radiator heat pipe 

The heat pipe fluid is sodium. 

View B-B of Figure 1 shows the center-to- 

The dis- 

To circumvent the problem of condensation of sodium on the 

inside tube, par t  No. 14, a wrap of capillary mesh, par t  No. 18, i s  

placed around the inner tube of the heat pipe. 

direct any condensing sodium back to  the r e a r  of the heat pipe, where 

This wrap serves  to 

4 
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it is further directed by radially extending portions of capillary screen 

to the outer wall capillary of the heat pipe. 

extending radially from the bottom of the heat pipe, is used to evacuate 

the heat pipe and f i l l  it with sodium. 

of liquid metal with the filled tube, part No. 12 is made of niobium, and 

is sealed by melting the material  locally by inert-gas arc welding. 

The tube, par t  No. 12, 

To avoid problems of compatibility 

2 . 2  Heat Transfer Calculations 

The important dimensions of the model T/E-1 design were 

as follows: 

Useful Radiator Length: 

Radiator Diameter: 

Nominal Radiator Area: 

2.93 in. = 7.45  c m  

0. 625 in. = 1. 59 cm 

37.2 sq cm 

The corresponding converter design point conditions assumed for 

heat transfer calculations were: 

Inter electrode Spacing: 

Emitter Diameter: 

Emitter Area: 

Emitter Temperature: 

Collector Temperature: 

Re servo ir T emp e ra tur e : 

Output Voltage : 

Output Current Density: 

Output Power Density: 

Output Current : 

Output Power: 

Nominal value: 0. 003 in. 

0.710 in. = 1. 81 cm 

2.  55 sq cm 

2000°K 

1000°K 

610°K 

0. 8 V 

20  A/sq cm 

16 watts/sq cm 

51.0 amperes  

40. 8 watts 

5 



The heat transfer was computed using these design conditions 

and the expressions of Block, Hatsopoulos and Wilson in their paper 

on "The Definition of Conversion Efficiency of Thermionic Energy 

Converters," presented at the Thermionic Conversion Specialist 

Conference a t  San Diego in 1965. The expressions are:  

4 4  
= 0.140- (T  - T ) 

'r e C 

where the factor of 0. 14 corresponds to  an effective emissivity a t  the 

emitter surface of 0. 26 and 0. 30 at  the collector, 

where qc 

J 

'r 

0- 

e 
T 

is the 

is the 

is the 

is the 

is the 

is the 

X (T  - T )  - m e  C - 
T f T  

P 
- 5  e C d +  1 . 1 5 ~  10 

2 
electron cooling , watts/cm 

output current density, A/cm 

effective emitter work function, volts 

inte I el e ct r ode thermal radiation, watts /cm 

2 

2 

Stefan-Boltzmann constant, 5. 6697 x 10 -12 watt/cm 2 4  deg 

emitter temperature, deg K 
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C 
T 

qg 

m 
h 

d 

P 

qS 

p S  

S 
K 

'i 

i s  the 

is the 

i s  the 

collector temperature,  deg K 

2 
cesium heat conduction, watts/cm 

thermal conductivity of the vapor at the mean 
gas temperature,  watts/cm deg 

is the interelectrode spacing, cm 

is the vapor pressure,  torr  

i s  the optimized-lead heat 10s s , watts/cm 

i s  the electrical resistivity of the lead material  a t  i ts  
mean operating temperature, ohm-cm 

is the thermal conductivity of the lead material  a t  i ts  
mean operating temperature, watts/cm deg 

i s  the ideal converter efficiency 

2 

The effective emitter work function $E a t  2000"K,  20 A/sq cm, 

The electron cooling for  the assumed nominal output was i s  2.94 volts. 

then 58. 8 watts/sq cm. 

experience with the T-200 converter i s  that the effective emitter work 

function for  electron cooling calculations i s  2. 72 volts ra ther  than 2. 94. 

The interelectrode radiation was 11. 9 watts/sq cm. 

conductivity of cesium vapor a t  a mean temperature of 1500°K is  

6 .15 x 10  

i s  4.65 tor r .  

was then 4.1 watts/sq cm. 

duction loss a t  other reservoir temperatures and for an emitter-collector 

temperature difference of 900°K; to apply it to  the case of a temperature 

difference of 1000 OK, the values given must be multiplied by 1. 11 1. The 

This is a conservative value because the general 

The thermal 

-5  
watts/cm - OK, and the cesium vapor pressure a t  61 0°K 

The cesium conduction calculated a t  a spacing of 0. 0075 cm 

Figure 2 gives the value of the cesium con- 

7 



T H I R M O  R L I C T  

5668 

0 m 

0 
N 

0 
Irl 

m 

8 

m 
4 

3 
a 

N 

m 

N 



C O R P O R A T I O N  

thermal conductivity of rhenium at 1493°K was assumed to be 

0.259 watt/cm - OK 

electrical resistivity of rhenium a t  the same temperature is given 

by Kohl a s  84 microhm-cm. 

of 0 .19,  the optimized-lead loss  found was 6 .4  watts/sq cm. The 

actual lead loss due to conduction fo r  the design configuration was 

computed a s  follows: 

* 
(Final Report, Task IV, JPL 950671). The 

Assuming an ideal converter efficiency 

Average lead diameter: 0. 760 in. = 1,  93 cm 

Developed length of lead: 0. 800 in. = 2 .  03  em 

Thickness of lead wall: 0. 008 in. = 0. 0204 cm 

Cross- sectional a rea  of lead: 0.124 sq cm 

Heat transfer = K A(T -T ) / A  = 15. 8 watts total 
S e c  

Heat transfer per unit emitter a rea  = 6 . 2  watts/sq cm 

The comparison of the calculated heat conduction fo r  the actual lead 

with that of the optimized lead showed that the actual lead deviated 

only slightly from the ideal one. 

for  the converter was then 

The total calculated heat transfer 

(58. 8 t 11. 9 t 4. 1 +- 6 . 2 )  = 81, 0 watts/sq em, or  207. 0 watts. 

* 
This value is excessively low, and the calculations were la ter  
corrected to use more  reliable values fo r  the thermal conductivity 
of rhenium. The heat transfer per unit emitter a r e a  was then 
found to equal 12. 0 watts/sq cm instead of the value of 6 .2  
calculated originally as explained above. 

9 



C O R P O R A T I O N  

The electrical losses  in the collector lead were calculated as 

follows : 

Lead dimensional data: 

Effective length: 0, 75 in. = 1. 91 cm 

Average diameter: 0. 61 in. = 1. 55 cm 

Thickne s s : 0. 010 in. = 0. 025 cm 

Cross-sectional area:  0,0191 sq. in. = 0. 122 sq cm 

-6 

-6 -3  x 1.91/0.122 = 0.673 x 10 

Resistivity of niobium at 700°C: 43 x 10 

Lead resistance = 43 x 10 

Voltage drop at  rated current of 51. 0 amperes:  34 millivolts 

ohm-cm 

ohm 

The above voltage drop was calculated assuming that all of the 

current flows in the heat-pipe wall. 

a large amount flows through the sodium-filled capillary. 

resistivity of sodium at 700°C is approximately 30. 5 x 10 ohm-cm. 

It was therefore expected that the actual voltage drop in the collector 

lead would not exceed 20 millivolts. 

Actually, i t  was estimated that 

The electrical 
-6 

2. 3 Heat Pipe Design 

After the converter heat transfer had been calculated, it was 

then possible to calculate the heat-pipe operating parameters.  

The heat transfer to-the converter radiator was taken as 207. 0 

watts less the electrical power output and the heat conducted by the 

electrical leads. Allowing 10 watts for  each lead, the radiator heat 

transfer was then 207.0 - 40. 8 - 20 = 146.2 watts. 

Wi th  the nominal radiator a r ea  of 37.2 sq  cm, the radiant 

emittance of the radiator had to equal 3. 92 watts/sq cm. A total 

10 



C O R P O R A T I O N  

. 
emissivity of 0. 85 was assumed for the radiator surface, and the 

radiator temperature required to achieve the desired radiant emittance 

was found to  be 951"K, which allowed for miscellaneous losses  and a 

design margin from the desired collector temperature of 1000°K. 

The nominal heat pipe dimensions were: 

Length of vapor conduit: 

Cross  section of vapor conduit: 0. 595 in. diam - 0.200 in. diam 

3. 84 in. = 9. 75 cm 

= 1.60 sq cm 

Capillary mesh wire diam: 0. 001 in. = 0.0025 c m  

At the heat-transfer ra te  of 146 watts, the flow rate  of sodium 

c a1 cula t e d was 

M = 146/3900 = 3.74 x lo- '  g/sec 

where 3,900 is the heat of vaporization of sodium as given by the cor res -  

ponding figure, at  7OO0C, in the property graphs for sodium that are  

presented in Figures 3 to 8. 

The vapor velocity corresponding to this flow rate  was 

3 .  74 x 10-2/(4. 6 x 10-5)( l .  60)  = 506 cm/sec 

- 5  where 4.6 x 10 

temperature of 700 " C .  

gm/cc is the density of sodium vapor at a saturation 

The velocity of 506 cm/sec was only 17 feet 

per second and was well within typical design range. 

The pressure drop in the vapor conduit was calculated from: 

Apg = 8~ M L/A 
g 

wjere V 

L is the length of the vapor conduit, and A is its cross-sectional area.  

is the kinematic viscosity of the vapor, M is the flow rate ,  
g 

11 
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-2 = 8 x 2 . 2  x 3. 75 x 10 x 9.75/1.60 
Apg 

= 3 . 8  dynes/sq em 

The pressure drop due to  gravity forces  was: 

A p h  = pgh 

= 0. 776 x 981 x 9.75 

= 7,400 dypes/sq cm 

The maximum pressure  drop in  the capillary mesh was: 

4 = 0.098 V f  ML/Nd 
Apf 

where V 

L is the length of the capillary wick, N is the effective number of 

is the kinematic viscosity of the liquid, M is the flow rate ,  
f 

capillaries, and d their effective diameter. 

4 
Apf = 0.098 x 0.0024 x 3.74 x 10-'x9. 75/N (0. 0025) 

6 = 2,30  x 10 /N 

where N was the number of capillaries. 

The available capillary force to overcome these pressure  * 
drops was assumed to  be  : 

'Pmax = 0.196 cr/d 

= 0.196 x 132/0.0025 

= 1.03 x 10 
4 

dynes/sq cm 

* 
This is an  excessively low value. 
as J. K e m e  at Los Alamos Scientific Laboratory indicates that the 
capillary forces  a r e  greater ,  and the factor of 0. 196 should be  
approximately 4. 0. 

Recent experience by workers such 

18 



The minimum permissible number of capillaries was therefore given 

by the pressure drop inequality: 

6 N z 2.30 x 10 / ( l . O S  x IO4 - 3.8 - 7,400) 

N 2 800 capillaries 

This meant that for a 400-mesh size capillary mesh, a 

perimeter length of 2.0 inches was required. 

operation at more  intense heat fluxes, 2 wraps of mesh were selected, 

which provided a perimeter length of 3. 7 in. They were supported by 

a perforated niobium sheet with 46% open area .  

To allow a margin for 
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2.4  Converter Weight 

The estimated weight of each converter part was as follows: 

Part No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

1 5  

16 

17 

18 

19 

20 

21 

22 

23 

Volume 
cc 

0.390 

0.094 

0.091 

0.072 

0.399 

0.880 

0.179 

0.912 

1.620 

0.411 

0.468 

0.039 

0.281 

0.348 

0.127 

0.061 

0.274 

0.021 

0.0006 

0.004 

0.068 

0.029 

0.031 

Density 
grams/cc 

21.02 

21.02 

21.02 

21.02 

8. 57 

3. 97 

8. 57 

8. 57 

8. 57 

8, 57 

8. 57 

8. 57 

16.6 

8. 57 

8. 89 

8. 57 

8. 57 

8. 89 

8. 89 

8. 89 

8. 57 

16..6 

16. 6 

20 

Weight 
grams 

8.20 

1.97 

1.91 

1 .53  

3.42 

3.49 

1 .53  

7. 82 

13.84 

3. 52 

4.01 

0.33 

4.66 

2.98 

1.14 

0 .53  

2 .35  

0. 19 

0. 01 

0. 04 

0. 59 

0.48 

0. 51 
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Volume 
cc 

0.166 

0.088 

6 c m  
:i . 

Part No. Density 
grams/cc 

8. 96 

8. 89 

0.065 gram/cm 

24 

25 

26 

Sodium charge 

Braze 

Weight 
grams 

1.49 

0.78 

0. 39 

2 . 0 0  

1 . 0 0  

The total converter weight calculated was 70.71 grams o r  0. 156 lb, 

not including the electrical  leads and the mounting hardware. 

power which corresponded to this weight, assuming an output power of 

40, 8 W, was 262 W per lb. 

less  than 4 lbs/kW. 

The specific 

The corresponding specific weight was 

2 . 5  Ability to Resist Shock and Vibration 

As a measure of the ability of the design to res is t  shock and 

vibration, the g-level that the ceramic seal is able to withstand was 

calculated, and a similar calculation was also made for the converter 

support screws 

A shear  strength of 3000 psi  was assumed for the ceramic at the 

seal,  and the failure load for the seal  was calculated approximately a s  

the product of this s t ress  and the inner cylindrical a r ea  of the seal  of 

0. 374 sq in. 

with the mass of par ts  Nos. 1, 2, 3 ,  4, 5, 6, 7 and a lead weighing 

approximately 15 grams,  i. e. , a total of 37 05 grams,  o r  0.082 lb, 

the required g-level was 13,700 g l s ,  which showed that the seal  

structure is very strong. 

This failure load was 1120 lb, To produce such a load 
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/ 

A tensile strength of 50,000 psi  for the converter support 

screws, and a minor diameter of 0.0667 in. were assumed. The 

total cross-sectional area for 4 screws was 0.0140 sq  in. , and the 

failure load was then 700 lb. 

ver ter  structure weighing 0.156 lb, a required g-level of 4, 500 g's  

was calculated. 

exceptionally rugged. 

To produce this failure load with a con- 

Thus the converter mounting also proved to  be 

Other converter components were judged to be designed with the * 

same magnitude of failure load-to-mass ratios,  and therefore were 

expected to exhibit similar resistance to shock and vibration. 
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3 .  FABRICATION O F  MODEL T/E-1 

3. 1 Preliminary Fabrication Efforts 

The preliminary fabrication efforts concentrated on the aspects 

As shown in Figure 1,  of heat pipe construction and sodium handling. 

the heat pipe f i l l  tube, p.art No. 12, is connected to the heat pipe by 

means of a weld. 

the particular geometry of the weld, and preferably should be done f rom 

This weld must be performed manually because of 

the inside of the heat-pipe tube, 

and no difficulties were encountered. 

A prototype assembly was welded, 

Similarly, the sealing-off of the f i l l  tube, par t  No. 12, by 

localized electron-bombardment melting, was explored. 

the niobium evacuation tube to be used, 1/8" 0.  de x 0. 020" wall, was 

A piece of 

se t  up under simulated conditions of electron-bombardment pinch-off, 

and it was found that the operation required 500 watts of electrical 

power, and the amount of gas released was undetectable in  a 

400 -liter/second vacuum system operating at 2 x 10 

ends of the pinch-off, shown in Figure 9 ,  were leak-checked and 

found to be leak-tight, 

to permit the same operation to be carr ied out with a completed heat 

pipe. 

-6 
to r r .  Both 

Following this test ,  a fixture was designed 

This fixture i s  shown in Figure 10. 

Also, the compatibility of sodium metal with encapsulating glass 

was tested in stainless steel  test tubes, as shown in Figure 11, at 

possible distillation temperatures of 400°C and 500°C. It was found 

that the glass reacts slightly at 500°C and that at this temperature it 

also softens considerably, as shown in Figure 12. F rom previous 

experience with cesium capsules, it appeared that distillation tempera- 

tures  of up to 500°C could be acceptable, 

1 to r r . a t  430°C. 

The sodium vapor pressure is 
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Figure 9 
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Figure 10 

25 



T H E R M 0  E L E C T R O N  

7425 

Figure 11 
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Figure 12 
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3.2 Fabrication Attempts 

Several attempts had to be made before the fabrication of 

model T/E-1 was completed. 

T/E-1-D, and they a r e  discussed in detail in the next sections of this 

These a r e  designated T/E-1-A to 

report. A similar situation a rose  in the fabrication of model T/E-2. 

3 . 3  Fabrication of T/E-1-A 

The fabrication of TIE-1-A was started with the weld of the 

cesium reservoir tube assembly, parts Nos .  13 and 14, to the collector, 

par t  No. 8 (see Figure 1). 

reduce the diameter of the tantalum cesium tube at the end that is 

inserted in the collector, the design was changed to omit the diameter 

reduction of the tube and to enlarge the corresponding collector hole. 

Because it was found extremely difficult to 

The weld of the tube to the collector required a relatively large amount 

of heat, and although it could be successfully made, it resulted in a 

large amount of e r ra t ic  melting on the collector face near the center 

hole. Also, the collector face was considerably oxidized, and the 

oxidation was suspected at that time to be due to outgassing of the 

electrode support in the welding chamber. 

Next, the radiator tube subassembly, par ts  Nos. 9 and 12, 

coated by New England Hard Facing with Norton's Rockide C coating, 

was welded to the edge of the collector. For this operation the three 

parts of the seal assembly, Nos. 6 ,  10 and 11, were inserted around 

the radiator rube before the tube was fitted to the collector. 

required a very large amount of heat, which made the collector face 

concave by several thousandths of an inch, 

tion was noted. 

The weld 

Further evidence of oxida- 

In spite of the close proximity of the seal ceramic, 
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part No. 6, to the eolleetor weld, it was found that the ceramic had 

withstood the exposure to  the weld heat without cracking. After this 

step was completed the assembly was aceidentally dropped, and the 

tube 13 broke at the eolleetor end. The fracture was found to be com- 

pletely brittle, which was a fact consistent with the evidence of oxida- 

tion near the welding areas .  

the eolleetor to insert  and weld a new eesium tube, and no other radia- 

tor tubes were immediately available to start a new assembly, a repair  

of the failed assembly was attempted. 

Since it was a simple matter to re-machine 

Before the new eesium reservoir  

tube was welded, however3 the assembly was fired at 1400°C to clean 

the oxidized material, 

cesium reservoir tube was welded. 

had caused some of the eoating t o  disappear o r  flake off. 

of this assembly showed that the collector weld to the radiator tube was 

eraeked and leaked. 

Figure 13 shows the assembly after the new 

As can be seen, the 1400°C firing 

Leak-checking 

At this point it was definitely suspected that the welding chamber 

must have had air leaks in spite of having passed recent examinations 

for leaks. A thorough leak-eheck revealed that the argon-pressure 

manometer had a Parge leak, which was further traced to a eracked 

soft-solder joint of its sensing bellows. 

and sample niobium welds were run to cheek that no further oxidation 

would oecur in the chamber during welding. The cheek was performed 

by purging the ChamberB perform5n.g a weld, and then after letting the 

chamber stand one hour without further attention, performing a second 

weld. 

weld had completely oxidized and embrittled the sample. 

The manometer was repaired, 

Both welds were clean and ductile, while previously the second 
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Figure 13 
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Because the structure of T/E-l  -A had become embrittled at the 

a rea  of the weld of the collector to  the radiator tube it could not be 

repaired, and consequently the fabrication of T/E- 1 -A was abandoned. 

3. 4 Embrittlement of Coated Radiator Tubes 

>As the next attempt to fabricate the heat pipe model T/E-1 was 

about to  s ta r t ,  a new batch of radiator tubes was received, coated with 

chromium oxide by the Linde Co. 

appeared contaminated, the tubes were cleaned with abrasive cloth 

Because the surface of these tubes 

and fired at 1400°C. 

f i l l  tube, par t  No. 12, the resulting joint was found to be extremely 

brittle, Further examination, as shown in Figure 14, indicated that 

the entire coated surface was brittle, but the uncoated portion of the 

tube was not. 

the coatings of both Linde Co. and New England Hard Facing, the 

previously welded assembly of T/E-1 -A was tested too. 

shows, it a lso was brittle in the a rea  of the coating. 

When attempts were made to weld the sodium 

To check whether the embrittlement was common to 

As Figure 15  

Consequently, a meeting with a representative of the Linde Co. 

was held to  discuss the details of' the coating procedure and determine 

the cause of embrittlement, The representative took note of the facts, 

and two days la ter  he submitted a tube of the original batch which had 

been returned to him in order to point out the problem of contamination 

during coating. It then became immedi- 

ately obvious that the embrittlement must have resulted f rom the 

This tube was not embrittled. 

vacuum-firing at 1400°C that had been used to clean the impurities 

noticed after coating. 

intervals to 925"C, 1010"C, 1200°C and 1425"C, and it was found that 

This tube sample was then heated f o r  15-minute 
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Figure  14 
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Figure  15 

33 



after the first three firings it was ductile, but after the fourth it was 

totally embrittled over the coating area.  

oxide coating material  reacts with niobium' at some temperature in 

the range from 1200°C to 1425°C to form a brittle compound. 

Therefore, the chromium 

In order to avoid the need to f i re  the heat pipe radiator tubes at 

high temperature to remove residual impurities , an  improved fixture 

was designed and fabricated to carefully shield the portions of the heat 

pipe that should not be coated during the coating process. This fixture 

i s  shown in Figure 16 with a heat-pipe radiator tube in position after 

coating. 

With the use of such fixtures it was possible to avoid the need for 

firing the tubes after they were coated, and the embrittlement problem 

was thus avoided also. 

Figure 17 shows the coated tube a s  i t  appeared after removal. 

3. 5 Fabrication of TIE-1 -B 

Since the longest-lead-time par t  for  the fabrication of the heat 

pipe was the coated heat-pipe radiator, and since no un-embrittled 

ones were immediately available, it was decided, with the approval 

of the JPL Technical Representative, to  omit, the coating step in 

order to save time in the fabrication of T/E-1-B. Also, i t  was found 

that the cesium tube, par t  No. 13, could be joined to  the collector 

face, part  No. 8, by means of a palladium braze much easier than 

it could be arc-welded. 

fabrication attempt was in accordance with the design of Figure 1. 

Except for  these changesg then, the new 

The assembly sequence was a s  follows: F i r s t  the heat-pipe 

inner tube, par t  No, 14, was welded to the cesium tubulation, par t  

No. 13, a t  the point corresponding to the vicinity of the collector. 
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Figure 16 
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Figure 17 
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Next this assembly was palladium-brazed to the collector face, part  

No. 8. A sodium f i l l  tube, par t  No. 12,  was arc-welded to the outer 

heat pipe wall, par t  No. 9, and this assembly was then se t  up for 

welding to the collector face, par t  No. 8, after insertion of the seal 

sleeve and support plate, parts Nos. 10 and 11. Upon attempting to 

weld the collector face to the outer heat pipe tube, par t  No. 9, it 

was found that there was enough variation in position of the arc from 

the a r c  welder tip to cause an accidental blow-hole through the wall 

of the heat pipe close to  the location of the weld bead. This accident 

was remedied by the insertion of a fragment of niobium and localized 

melting to seal the hole. 

heat pipe assembly proceeded with the insertion of the capillary 

mesh screen of the outside wall of the heat pipe and its retaining 

elements, parts Nos. 16 and 17. 

added, and the r e a r  end seal plate, par t  No. 21, was positioned for  

final welding, after appropriate insertion of the end mesh elements, 

par t  No. 20. 

After this was successfully completed the 

One wrap of inner tube mesh was 

During the welding of the end plate, it was noticed that the weld 

bead did not behave in the characteristic. manner of niobium weld 

beads. 

the welding a r c  suddenly flashed and pierced a hole through the entire 

thickness of par t  No. 21. It was immediately suspected that the eapil- 

l a ry  mesh, made of stainless steel ,  was near enough t,o the weld a rea  

to have melted and run into the weld bead, thereby contaminating it 

with materials that would both embrittle the bead and make the welding 

a r c  erratic.  

it is shown in Figure 18. 

in the photograph, melting of the capillary mesh was observed both 

While the final outer weld on par t  No. 21 w a s  being performed, 

To verify this, the end of the heat pipe was opened, and 

Although this may not be readily apparent 
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at the inside and outside tubes of the heat pipe. 

decided that the structure could not be salvaged, and the assembly 

of T/E-1-B was abandoned. 

At that point it was 

3 . 6  Fabrication of T/E-1-C 

The assembly of this third heat pipe model was car r ied  out in 

exactly the same manner as that of the second model. 

coating step was omitted, and the same welding difficulties were en- 

countered when an attempt was made to weld the outer heat pipe tube, 

par t  No, 9,  to the collector face. The welding a r c  jumped twice on 

the heat pipe tube, causing blow holes which had to be filled with frag- 

ments of niobium locally. 

that in future heat pipe prototypes this weld would be performed by 

electron-beam welding, t o  control the position of the welding bead 

with greater accuracy. In order to avoid the same type of capillary 

mesh melting which had occurred with T/E-1-B, the capillary mesh 

was cut short  from the end of the tube so that the nearest  point would 

be half an inch away from the welding bead locations. The perforated 

capillary mesh support, part No. 17 ,  was still extended to  the end of the 

heat pipe so a s  to provide a capillary path fo r  the return of the sodium to 

the capillary mesh. It was then possible to weld the end cap, par t  No. 21 

in place without any difficulty. Figure 19 shows the appearance of the 

welds of the end cap, and Figure 20 shows the completed heat pipe model, 

where the repair  to the joint a t  the collector face is apparent. 

The radiator 

In view of this experience, it was decided 

3 . 7  Sodium Charge of T/E-1-C 

The heat pipe T/E-1 -C was connected to a copper manifold 

containing a sodium capsule, by fuse-brazing the connecting copper 

tube shown in Figure 1 to the niobium f i l l  tube, par t  No. 12, with 

electron bombardment, The assembly was then connected to  a Vac-Ion 
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Figure 19 
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outgassing stand, heaters were mounted on the heat pipe, the connecting 

tube and the region of the sodium capsule. 

under vacuum to 550"C, the connecting tube to 500"C, and the sodium 

capsule a rea  to 300°C while the internal volume of the heat pipe was 

pumped with a Vac-Ion pump. After 9 days of continuous pumping 

The heat pipe was heated 

the sodium capsule was broken, exhausted for one additional hour, and 

pinched off a t  a vacuum of 4 x 10 

sodium capsule region with the intent of transferring the 2-gram sodium 

charge into the heat pipe by distillation. 

would require 48 hours a t  430°C. At the end of 24 hours, however, the 

bell j a r  of the vacuum system used for distillation was found to be coated 

with sodium. 

of copper pieces. 

-8 
to r r .  Heat was then applied to the 

It was estimated that this 

A leak in the sodium reservoir was located a t  a BT braze 

The sodium capsule manifold was then severed from the heat 

pipe, and the heat pipe was placed in vacuum a t  700°C for 24 hours 

to remove the s o d i m  distilled into i t ,  

and the heat pipe was again outgassed to a vacuum of 4 x 10 

The outgassing time was 6 days. 

again attempted, but in one hour the copper pinch-off of the manifold 

developed a sodium-vapor leak. 

A new manifold was attached, 
-8 

tor r .  

The same distillation procedure was 

The distillation procedure was then reviewed, and i t  was 

decided to  abandon i t  in favor of direct gravity transfer of molten 

sodium. 

and placed back under vacuum in such a way that the sodium could be 

taken to the melting point and caused to flow into the heat pipe. Once 

this was done, the copper manifold was pinched off, and the heat pipe 

was se t  up for the final sealing operation, which involved pinching off 

the niobium f i l l  tube, par t  No. 12, by electron bombardment. 

The heat pipe with the leaky manifold was quickly inverted 
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The electron-bombardment pinch-off operation was carried 

out by placing a one-turn 0. 030-in. -diam tantalum filament around the 

f i l l  tube. This filament turn was 0. 35 in. in diameter, and included a 

turn overlap of 0.20 in. so a s  to avoid the effect of local bombardment 

current,  which is caused by lower filament temperature a t  the connection 

legs. 

filament overlap a rea  was found to be excessive; the f i l l  tube melted 

locally a t  that point and developed a hole. Since a substantial amount of 

sodium vapor evaporated through this hole, the bombardment filament 

could no longer be maintained a t  a high potential difference with respect 

to the f i l l  tube without violent arcing. 

with sodium. 

When the f i l l  tube was bombard.ed, the bombardment opposite the 

The bell j a r  was heavily coated 

The vacuum system was opened to air in order to determine 

that this was what had happened. 

large amounts then, i t  was decked  to use the heat pipe structure to  

repeat the electron-bombardment pinch- off operation with a filament 

that did not have a turn overlap. 

Since air leaked into the heat pipe in 

This second pinch-off was successful, 

and is whon in Figure 21 

figure. 

The failed attempt is  also evident in this 

The complete structure of T/E-l-C, i s  shown in Figure 22. 

3 . 8  Fabrication of T/E-1-D 

The heat pipe model T/E-1 - D  was fabricated according to the 

standard design of Figure 1 except that, a s  a result  of the experience 

gained in the previous fabrication attempts 

braze of the cesium tube to the collector to avoid the distortion of the 

collector which occurs when welding i s  used, an electron-beam weld 

of the radiator tube to the collector to avoid the blow-holes caused by 

inert  gas welding, and a shortened capillary mesh such a s  that used in 

T/E-1-C to avoid mesh melting during the weld of the end cape 

i t  incorporated the palladium 

The 
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2 

model also incorporated a coated radiator tube. 

the electron-beam weld between the radiator tube and the collector 

leaked, and it was repaired by re.-welding. 

In the first attempt, 

No further problems were encountered in the fabrication of 

this model except that it was discovered after assembly that the inner 

capillary mesh screen, par t  No. 18, which is wrapped around the 

inner heat pipe tube, had been omitted accidentally. Another minor 

difficulty which may be of interest  was encountered when making the 

final heat pipe weld between the end cap, par t  No. 21 and the inner 

heat pipe tube, par t  No. 14. 

tube, par t  No. 13, never l ies  perfectly concentric with the inner heat 

pipe tube, par t  No. 14, and a s  a result  it tends to res t  at some point 

around the circumference of tube 14 right next to the region where a 

weld must be made between the end of tube 14 and the end cap 2 1 

There is then the danger that, during the welding operation, the cesium 

reservoir tube will be welded to the inner heat pipe tube in the region of 

the weld. 

wire  around tube 13, slipped between tubes 13 and 14 in order to ensure 

concentricity. The weld could then be performed with no further diffi- 

culty, but the wire which had been inserted could not be removed, and 

as a result  par ts  22 (two wraps of tantalum shielding around the cesium 

reservoir tube) could no longer be inserted in order to shield the cesium 

reservoir tube from the radiation from the inner heat-pipe tubulation. 

The difficulty is that the cesium reservoir 

This problem was avoided by a roiled 5-mil-diameter tungsten 

Since no experimental evidence was yet available that these 

shields were necessary for  proper operation of the cesium reservoir ,  

they were omitted from the assembly of T/E-l-D. 

have shown that these shields a r e  unnecessary for proper operation of 

the cesium reservoir.  

Subsequent tes ts  
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3 . 9  Sodium Charge of T/E-l-D 

To charge the model T/E-1-D with sodium, a copper manifold 

containing the sodium capsule was connected to the heat pipe. 

capsule was broken under vacuum, and the entire assembly was heated 

to approximately 150 C for half an hour. 

assembly was such that the molten 2-gram sodium charge would flow 

into the heat pipe. 

exhaust pump, its temperature was raised to 425°C under vacuum, 

keeping the reservoir of sodium a t  16OoC. Pumping continued fo r  a 

period of approximately 26 hours , a t  which t ime the copper manifold 

was pinched off f rom the heat pipe. 

part  No. 12, was then accomplished by electron-beam melting of the 

tube. 

The 

The position of the entire 

While the heat pipe was still connected to the 

The pinch-off of the niobium tube, 

After completion of the electron-beam pinch- off operation, the 

copper tubulation simulating the cesium reservoir was fuse-brazed to 

the cesium tube. The tubulation was then pinched off and given a thin 

coating of black paint in order to help achieve low reservoir  tempera- 

tures. 



4. TEST O F  MODEL T/E-1 

4. 1 Test Set-Up 

Figure 23 shows the fully instrumented model T/E-1-D. Six 

thermocouples were placed along the radiating portion of the heat pipe 

at  equal spacings, and a seventh thermocouple was placed on the 

cesium reservoir .  

The thermal connection between the thermocouples and the 

wall on which they were attached was effected by means of ceramic 

cement, and to minimize the mechanical load on this junction, an 

additional wire support was wound around the insulated thermocouple 

leads as shown in the figure. 

After the instrumentation was mounted on the heat pipe, the 

heat pipe was placed in a vacuum chamber in an upright position with 

the collector facing upwards, and an electron-bombardment unit was 

installed to heat the collector face. 

heat inputs is shown in Table 1. 

The data obtained a t  various 

4.2 Interpretation of T/E-1 Data 

Data point No. 1 is the temperature distribution preceding test. 

Data point No. 2 shows the temperature distribution obtained with a 

nominal amount of filament heating and no electron-b 

power applied to the heat pipe. 

temperature distributions obtained at  various amounts of electron- 

bombardment power input, which a r e  listed at the bottom line of 

Table 1. 

power input, excluding filament heating, was applied, and heat pipe 

temperatures in excess of 800 "C were obtained. 

Data points Nos,  3 t 

It can be seen that up to 31 1 watts of electron-bombardment 

The thermocouple 

48 



7552 

49 



L 

0 

- 
+ 
4 

az 

0 

p. 

E 

0 

0 

W 

L 

- 
a 

W 

Y 

z 
- 
W 

L 

W 

I 

7749 

50 



C O R P O R A T I O N  

locations on the heat pipe were numbered 1 to 6,  starting from the 

top of the heat pipe. 

Thermocouples 2,  3, 4 and 5 had a tendency to read substantially 

lower than thermocouples 1 and 6 ,  a t  the top and bottom of the heat pipe. 

This was assumed to’ be due to a shorting of the leads of the low-reading 

thermocouples by the clamping wires  shown in Figure 23. 

on Model T/E-2-C have shown that even the readings of the highest- 

output thermocouples a r e  low because of thermal contact resistance 

between the heat pipe wall and the ceramic cement used for thermo- 

couple bonding. 

is discussed in Section 6. 3 with that of Model T/E-2-C. 

Later tes ts  

For this reason, the temperature data given in Table 1 

One particular observation which was made during the test of 

Model T/E- 1 - D  turned out to have pivotal importance in the inter - 
pretation of the data collected on both models, 

reading which was taken during the test  condition # 8 in Table 1. 

was taken next to the collector face in an attempt to determine the 

extent to which the collector temperature is the same a s  the heat pipe 

temperature, and, as is shown in Section 6, 3, only a very small 

difference occurs. 

This i s  the pyrometer 

It 

After completion of the thermal test  shown in Table 1,  the 

heat pipe was maintained a t  the maximum operating heat input of 

335. 4 watts (including the contribution by radiation from the filament 

given further below in Table 3)  overnight in order  to accumulate a n  

operating time of 100 hours a t  maximum power input, a s  specified 

in the Statement of Work. 

have followed the steady-state run of 100 hours. 

next 16 hours of running, however, the heat pipe developed a leak and 

lost the sodium charge. 

A thermal cycling tes t  of 12 cycles would 

Sometime in the 
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4. 3 Analysis of the Failure of Model T/E-1-D 

When the test  chamber was opened to airp it became evident 

that the location of the sodium leak was near the weld between the 

sodium f i l l  tube, part  No. 12, and the heat pipe radiator tube, par t  

No. 9. Figure 2 4  shows this a r ea  of the heat pipe, and the location of 

the leak can be identified by the white deposit of sodium hydroxide a t  

the transition between the uncoated and coated portions of the heat 

pipe. 

a t  the leak with the water vapor in the atmosphere. 

The hydroxide is the result  of the reaction of the residual sodium 

The leak itself seemed to be in the form of a crack in an a rea  

where i t  appeared that a very narrow zone of the  chromium oxide 

coating of the heat pipe had reacted with the heat pipe wall, presumably 

a s  a result of excessive heat during welding. 

this weakening of the wall had occurred before exposure to sodium, 

another structure, which had been welded to serve a s  a back-up for 

T/E-1-D, was inspected. 

characteristic reaction region at  exactly the same location, 

this s t ructure  had not yet been filled with sodium, i t  was concluded 

that the reaction was caused by weld heat. Consequently, a new 

assembly was welded using copper chill blocks, and a s  shown in 

Figure 2 6 ,  it was possible to  obtain a very clean weld with no t races  

of any coating reaction. 

To verify the fact that 

Figure 2 5  shows that it revealed the same 

Since 
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5. FABRICATION OF MODEL T/E-2 

5.1 Fabrication of T/E-2-A 

Model T/E-2-A differed only in that the cesium reservoir  was 

made of a chromium oxide-coated nickel piece on which thermocouples 

could be mechanically fastened, and Figure 2 7  shows a photograph of 

the unit fully instrumented. The instrumentation also differed in that 

seven thermocouples were provided along the length of the heat pipe 

instead of six, and a thermocouple was attached to the collector face. 

The model was sodium-charged in the same manner a s  T/E-1 -D except 

that the final niobium pinch-off was performed by electron bombardment 

rather than by electron-beam melting. 

5.2 Testing of T/E-2-A 

This model was set  up for test, and the test  data showed that 

no temperature uniformity could be achieved along the length of the 

heat pipe wall. 

amounts of gases o r  a lack of sodium within the heat pipe. 

This was an indication of either the presence of large 

The test  

was discontinued, and the heat pipe was opened by cutting i ts  f i l l  tube 

to examine whether any t races  of sodium were visible. 

seen, the model was placed in a vacuum furnace and heated at 900°C 

fo r  two hours. 

face of the vacuum bell j a r  in the first  few minutes of heating. 

amount so  accumulated was so small  that it was concluded that model 

As none were 

A slight coating of sodium was produced over the sur-  

The 

T/E-2-A failed to operate because it lacked a sufficient charge of 

sodium to establish full wetting of the capillary conduit between the 

collector and the radiator surface. When full wetting is not obtained, 

the sodium can be expected to collect a t  the cool end of the heat pipe, 

and thus completely interrupt heat pipe operation. 
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C O R P O R A T I O N  

Further examination of the tubulation from which sodium had 

been distilled into the heat pipe revealed that a large quantity of glass 

fragments had been produced upon breaking the capsule, and that 

many of the smaller pieces of glass had collected in the f i l l  tube, to 

the extent that this tube was almost completely plugged. 

5. 3 Fabrication of TIE-2-B 

After T/E-2-A was vacuum-heated to  remove its residue of 

sodium the niobium f i l l  tube was cut, and a new tube was connected 

by means of an adapting piece made of niobium and brazed in place 

with palladium. 

sodium in the same manner a s  T/E-Z-A except that care  was taken 

to  avoid breaking the sodium capsule at several  places. 

The model was then outgassed and charged with 

This model also failed to  operate. It was opened by cutting 

the sodium f i l l  tube, and it was placed in a vacuum furnacep where 

its temperature was raised to 1000°C. After 45 minutes of heating, 

no t races  of sodium had been released, and i t  was concluded that the 

model did not contain any sodium. Inspection of the copper manifold 

used for sodium charging showed that the tube leading to the model had 

again become clogged by glass particles entrained by the sodium. This 

had occurred in spite of the effort made to avoid excessive crushing 

of the glass capsule, and it was concluded that, even when the glass 

capsules a r e  cracked with the greatest care,  they will still  shatter 

into a large quantity of small fragments. 

to incorporate a screen in the sodium f i l l  manifold to retain the glass 

fragments 

Consequently, it was decided 
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C O R P O R I T I O N  

5 . 4  Fabrication of T/E,-2-C - 
When the next outgassing had been completed, a new sodium 

charging attempt was made, but this time it  appeared that all  of the 

sodium clung by capillary force to the sodium capsule, and again, 

none flowed into the heat pipe. 

to a new manifold, re-outgassed, and the sodium charge procedure 

was modified to drive the 2-gram sodium charge out of i ts  glass capsule 

and through the filter screen by centrifugal force. 

of the manifold showed that practically all of the sodium had been driven 

into the heat pipe, 

The heat pipe model was reconnected 

Later examination 

The weight of the completed heat pipe model T/E-2-C was 77. 8 

grams exclusive of electrical leads and mounting hardware. 
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6. TEST O F  MODEL T/E-2 

6.1 Test Data for Model T/E-Z-C 

Model T/E-2-C was instrumented in the same manner a s  

T/E-2-A and tested at a range of power inputs to determine i ts  ability 

to meet  the design heat t ransfer  conditions. 

temperature values, It is obvious that the collector face of this proto- 

type, in contrast to that of model T/E- 1 -D, operated at a much higher 

temperature than the remainder of the heat pipe structure. 

Table 2 give,s the observed 

After measuring the response of the heat pipe to heat input, it 

was se t  fo r  running continuously with the highest value of heat input 

a't about 335 watts (including filament heating). At that time it was 

noted that, a t  the glowing edge of the collector, the teinperature of 

the niobium tube welded to the collector would flicker in the region of 

the weld. This was certainly the result of intermittent capillary flow 

of liquid metal to the boundary between the cool wall and the hot collector, 

and the magnitude of the temperature excursions was approximately 50' C 

a t  a frequency of about 1 cycle per second. 

running in this condition, a sodium deposit was noticed on the bell j a r ,  

indicating a leak, and the test  was terminated. 

At the end of 23 hours of 

6 .2  Analysis of the Failure of T/E-2-C 

The model was f i r s t  x-rayed to determine whether the installation 

of the capillary structure near the collector had been defective. This 

a rea  cannot be inspected visually during assembly because then i t  l ies 

a t  the bottom of a long cavity, and the visibility is further impaired by 

the presence of the collector inser t ,  par t  No. 16. 

the operation of the collector at temperatures much higher than heat 

In order  to explain 
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C O R P O R A T I O N  

pipe temperature, it would be necessary to have either a loose assembly 

in which the capillary mesh screen  was not in good contact with the 

collector, o r  the complete absence of the capillary mesh screen, as 

could occur i f  the screen slipped during insertion into the heat pipe. 

The x-ray obtained revealed a faint gap between the collector and the 

collector insert  piece, which could be due to either one of the possi- 

bilities just mentioned: loose assembly o r  absence of capillary screen 

in that area. 

The converter was then leak-checked, and the point at which 

the leak had occurred was found a t  the weld between the collector and 

the outer pipe. 

After i t  was leak-checked, the converter was opened, and the 

collector end was potted and sectioned for metallographic examination. 

The heat pipe section collapsed during potting, but still  it was evident 

that there was no capillary mesh screen between the collector and the 

collector insert  piece. 

structure were separated a t  the capillary screen boundary. 

The elements of the other half of the potted 

There, 

the face of the collector inser t  piece was completely bare  of capillary 

s creen. 

No unusual hardness was discovered over any par t  of the internal 

walls of the heat pipe, and therefore failure due to fracture a t  an em- 

brittled a rea ,  such as occurred in T/E- 1 $ was ruled out. 

F rom the above analyses it was concluded that the collector 

overheating was caused by imperfect assembly of the capillary mesh 

screen and the resulting absence of capillary connection of the collector. 

Furthermore,  the leak was attributed to  thermal fatigue of the collector 

weld, which was produced by the rapid temperature fluctuations in that 

a rea  during heat pipe operation. 
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To investigate the difficulty of assembly of the capillary structure 

near the collector, a back-up assembly'for T/E-2 was also x-rayed. 

It was seen that, in the collector a r ea ,  the capillary structure did not 

reach the end of the heat pipe, and a s  a result ,  the collector inser t  

piece was completely loose and had fallen off to one side. 

6 . 3  Analysis of T/E-1 and T/E-2 Performance 

The heat pipe temperatures for  T/E-1 and T/E-2 were very 

nearly the same a t  corresponding values of power input. 

comparison was not made because it was known that the thermocouples 

attached to the wall of the heat pipe had not remained well bonded and 

read low. In order to ascer ta in  the extent of this e r r o r ,  data point # 7  

f o r  T/E-2 was read using the thermocouples, and data point #8 was 

taken under the same conditions, using the pyrometer to  read heat pipe 

temperatures, The thermocouples showed a heat pipe temperature of 

810°C near the top, which decreased to  788°C near the  bottom, while 

the observed pyrometer temperature was 822°C all along the wall except 

An exact 

a t  the very bottom, where i t  was 81 8" C. 

the wall was much more uniform than the thermocouple readings would 

indieate, 

correction of 2"C, it was estimated that the t rue heat pipe temperature 

Thus the temperature along 

Assuming a bell j a r  correction of 10" C and a pyrometer 

a t  a pyrometer reading of 822°C was 834"C, and therefore the thermo- 

couple with the highest reading was low by 24°C. 

Figure 28 i s  a plot of the t rue collector temperature achieved 

in Model T/E-2-C, a s  measured by a spot-welded thermocouple, versus 

the pyrometer brightness temperature readings. 

was possible to estimate that the brightness temperature reading of 

970°C performed on T/E-1-D corresponded to a t rue  collector tem- 

perature o f  841 " C. 

With this curvep it 
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It is certain that T/E-1 achieved a slightly higher heat pipe tem- * 

perature than T/E-2 at corresponding values of heat input becausep with 

lower collector re-radiation, the heat load on the heat pipe was higher. 

Thus, at the conditions obtained with a bombardment current of 321 m A ,  

it is reasonable to assume that the heat pipe temperature of T/E-1 was 

higher than 834"C, and therefore the temperature drop between the 

collector, which was estimated to be a t  841 "C, and the heat pipe must 

have been less  than 10°C. 

The most important result  of the heat pipe tests was the relation- 

ship between collector heat transfer and collector temperature. To 

obtain this relationship, the T/E-l data was used in spite of the  fact 

that this model was not so well instrumented a s  T/E-2. The choice 

was made because T/E-1 achieved correct heat pipe operation, and 

the collector overheating of T/E-2 disturbed the heat-transfer con- 

ditions to an extent that could not be calculated accurately. 

The collector temperatures of T/E- 1 were obtained assuming 

the 841 " C  estimated value for data point #8, which was 27°C higher 

than the highest thermocouple reading, and arbi t rar i ly  scaling down 

the 2 7 ° C  temperature correction for  the data points a t  lower heat- 

transfer values 

The heat-transfer values were obtained by adding the filament 

heating to  the electron-bombardment power input, and the filament 

heating was calculated by an analysis of the heat pipe temperature 

achieved with filament heating alone. Specifically, data points 2 and 3 

of Table 1, where the filament power was the same but where the tem- 

perature distributions were different on account of the additional 

electron-bombardment power of data pdint 3, were compared in te rms  
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of a simple heat-transfer balance to  determine the magnitude of the 

filament heating effect, 

filament heat input for data points 2 and 3 was 17. 1 watts. 

that the filament power input to the heat pipe was proportional to the 

power actually delivered to  the filament, as measured by filament 

voltage and filament current,  the filament power input for the other 

data points could be calculated. 

The result  of this calculation was that the 

Assuming 

Table 3 gives a summary of the calculations, and the resulting 

values of collector temperature and collector heat transfer a r e  plotted 

in Figure 29. 

From data generated with a T-200 collector-radiator model and 

compared with the performance of a T-2p0 converter, the collector heat 

transfer could be related to  converter output current a t  1700°C by the 

relation: 

(watts) = 105. 7 t 1 + 9 2  I (amperes)  
e 011 e et o r 0 

Q 

Figure 29 was then used to predict the collector temperatures that would 

be achieved in a heat-pipe converter a s  a function of output current a t  

1700 "C .  The predicted curve i s  given in Figure 30, which also shows 

the pertinent data for  the "no-heat-pipe" converter T-206 developed 

under J P L  Contract 951263, to show that the heat pipe improves con- 

siderably the collector heat transfer of the T-200 converter. 

Finally, Table 2 shows that, in spite of the overheating of the 

collector and the consequent greater transfer of heat to the cesium 

reservoir ,  the reservoir temperatures were well within the range of 

control required by the design, For  instance, a t  the design value of 

output current of 51 amperes,  the optimum reservoir  temperature is 

about 621 'K (data point 5, sheet 4, T-206 data). According to equation 1 , 
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the heat transfer corresponding to an  output of 51 amperes  is 203. 7 watts. 

It can be seen in Table 2 that, at near this value of heat input, the r e s e r -  

voir temperature obtained in T/E-2 was of the order  of 309"C, o r  582"K, 

which is almost 40°C below the desired value, and therefore reservoir  

overheating was easily avoided by the T/E-2 design. 
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7. FABRICATION O F  MODEL T/E-3 

The fabrication of model T/E-3 was undertaken using the radiator 

and collector heat pipe structure (usedas a back-up for T/E-2) which is 

mentioned in section 6. 2. To use this structure it was necessary to 

disassemble it in order  to correct  a faulty positioning of the capillary 

structure.  

cap of the heat pipe and pulling out the tight-fitting capillary structure. 

A new capillary was inserted, and a new end cap was welded in place. 

The capillary was made using a mandrel of slightly reduced diameter 

to ensure a looser fitting of the capillary into the heat pipe, 

end cap was welded in place, it was noticed that the heat of welding 

had caused a very minor reaction of the casting with the niobium in 

the vicinity of the weld. 

niobium, and i t  was therefore decided to carefully check the worthiness 

of the welded assembly. It was placed in a vacuum furnace and cycled 

abruptly four t imes to 900°C for a total of 18 hours,  and the structure 

was leak-tight after test .  It was then accepted for  assembly of T/E-3. 

The disassembly was carr ied out by grinding off the end 

After the 

This reaction is known to embrittle the 

The assembly proceeded normally, and it included mounting a 

rhenium emitter structure in order to make possible the fabrication of 

a complete converter heat pipe. 

After complete fabrication, the heat pipe was outgassed over- 

night with a resistance heater a t  500°C while maintaining the sodium 

reservoir a t  350°C for 36 hours, 

to the heat pipe, and the heat pipe f i l l  tube was pinched off by electron 

bombardment. 

The sodium was then transferr.ed 
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To proceed with the cesium charge, a cesium tubulation was 

fuse-brazed to  the cesium tube, and a leak was discovered in the wall 

of the tantalum tube. To correct  this difficulty, a niobium tube was 

welded over the tantalum tube so a s  to  cover the leak, and this approach 

was successful. 

foil  around the radiator to maintain a high collector outgassing tempera- 

The converter was then outgassed with a molybdenum 

ture. 

1550°C and at a collector heat-pipe temperature of 700°C. Cesium 

distillation was then carr ied out by heating the capsule to 200°C for 

four hours. 

design of model T/E-3 is given in Figure 32. 

The outgassing time was 15  hours at an emitter temperature of 

The completed assembly i s  shown in Figure 31. The final 

Of course, the drawing 

dues not show the dimensional adjustments that were required in 

order to replace the capillary assembly and seal the tantalum tube 

leak in the model actually fabricated. 

The completed model weighed 90. 3 grams? exclusive of electrical 
4 

leads and mounting hardware. 

weight of model T/E-2-C is due mostly to the emitter structure added 

for the fabrication of model T/E-3. According to the weight breakdown 

presented in section 2.4,  the weight of the emitter and the f i r s t  emitter 

sleeve is 10.2 grams. 

estimated in section 2 .4  primarily because the heat pipe radiator tube 

used, par t  No. 9,  was thicker than the tube assumed in that section. 

The increase of 12. 5 grams over the 

The weight of the model is  greater than that 

. 
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8. TEST O F  MODEL T/E-3 

Converter T/E-3 was instrumented with voltage taps on the 

output leads at  the point of attachment to  the converter, two therrno- 

couples on the cesium reservoir ,  and two spot-welded thermocouples 

on the support flange close to the heat pipe, so  as to afford a measure- 

ment of heat-pipe temperature. 

Testing of T/E-3 consisted of five runs. The data obtained i s  

presented in Appendix A, Sheets 1 to 7. In the first run the steady- 

state output chracterist ics were measured a t  output voltages of 1 * 2, 

1 . 0 ,  0. 8 and 0 . 6  volts a t  emitter hohlraum temperatures of 1600, 1700 

and 1800°C. 

in the T-200 converter ser ies .  

T/E-3 was 0 . 2  volt lower than that of T-206 at  any selected output 

current and emitter temperature. 

The outputs observed were lower than those observed 

Typically, the output voltage of converter 

In the second run, the output characterist ics a t  an emitter sur-  

face temperature of 2000°K were obtained under dynamic testing, and 

these a r e  presented in Figure 33. These characterist ics,  when com- 

pared with those obtained with converter T-206, also show a voltage 

shift of 0 . 2  volt in the optimum curve. 

principally due to emitter temperature measurement e r r o r s  caused by 

overheating of the thin hohlraum wall separating the hohlraum from 

the heated face of the converter, and also to the higher collector work 

function obtained with niobium collectors 

It is believed that this shift i s  

:< 

* 
These hypotheses a r e  discussed in detail in the paper, "Advanced 
Converter Development, '' by P. Brosens, presented at the Thermionic 
Conversion Specialist Conference in Palo Alto, October-November 1967. 
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In the third run, the converter was operated continuously at a 

hohlraum temperature of 1700°C with a load adjusted for an  output of 

0 .6  volt a t  52 amperes. The steady-state heat-pipe temperature was 

720°C. The converter operated at  this setting for 200 hours. 

In the fourth run the converter was thermally cycled abruptly 

between near room temperature and operating temperature. 

input for an output of 52 amperes a t  1700°C was turned on and off in- 

stanteously for 12 thermal cycles. 

ture  recording which was obtained during the eighth cycle, Also, in 

the interval between the fifth and sixth cycles the converter was run 

for an additional 200 hours at steady-state and high current output. 

The power 

Figure 34 shows a typical tempera- 

The fifth run was conducted t o  determine the effect of the 

voltage tap location on the performance measured. 

on the emitter terminal was shifted to  a more advantageous location, 

as  illustrated in data sheet No. 7 ,  but no effect was observed, 

The voltage tap 

Figure 35 gives a simultaneous plot of the static and dynamic 

performance characterist ics observed. As can be seen, the static 

data gives every indication that model T/E-3 performance does not 

become limited a t  high output currents,  

overheating, consistently observed in the T-ZOO converters 201 to 

207, was therefore eliminated with the use of the collector-radiator 

heat pipe. 

This symptom of collector 

77 



-3 T H E R M 0  E L E C T R O N  
E H O l l f L R l W G  C O R P O R l l l O l  

781 0 

Figure  '34 

78 



6C 

5C 

4c 

tn 

a 2 

E" 3c 
U 

0 
H 

2C 

IC 

C 
3 vo ,volts 

Figure  35 

79 



9. DESIGN O F  MODEL T/E-4 

Model T/E-4 was specifically designed for use in the converter 

models developed under the concurrent J P L  Contract No. 951263. It 

is similar to the previous models T/E-1 to T/E-3, with the principal 

difference that the heat pipe diameter is  larger .  

were fabricated using readily available niobium tubing. 

of that tubing was not large enough to match the size of the ceramic 

seal,  s o  that an  intermediate adapting piece was necessary. Also, the 

small diameter of the T/E-3 heat pipe hindered the development of the 

radiator area required for large output currents.  

The previous models 

The diameter 

The design of T/E-4, shown in Figure 36, uses  a niobium tube 

cbstom-made to match the size of the ceramic seal.  The radiator a r ea  

developed is 38.3 cm , which is 13% greater than the 33. 8 cm2 of T/E-3 

actually measured. 

Figure 30, had predicted that, for an output of 55 amperes,  the heat-pipe 

temperature would be optimum and equal to 1020°K. 

confirmed by the test of T/E-3, which showed a heat-pipe temperature 

of 994°K at an  output current of 51.9 amperes  (Sheet 3, data point No. 7, 

Appendix A) .  This heat-pipe temperature is higher than that originally 

predicted in the design calculations of 951 "K a t  51 0 amperes  because, 

as explained in section 6. 3, the collector heat transfer at 51.0 amperes  

is higher than that predicted by the calculations presented in section 2 ,2 .  

The theoretical value calculated in section 2 . 2  was 207. 0 - 40. 8 = 166.2 watts, 

while Equation (1) of section 6. 3 predicts a heat transfer of 203. 7 watts. 

Figure 29 shows that the heat pipe temperatures corresponding to these 

values of heat transfer would be  951 " K  and 997°K. 

2 

The tes t  data of T/E-l  and T/E-2, summarized in 

This value was 

The equilibrium temperature of the h eat-pipe collector - radiator 

structure for model T/E-4 was predicted with a simple radiator model, 
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where it was assumed that the effective radiator emissivity is 0. 85 and 

that the heat load at an  emitter temperature of 1700°C is given a s  a 

function of output current by equation (1) of section 6. 3. 

With the assumed emissivity value, the s t ray  losses  of the 

collector structure could be calculated. 

assumed to be due to radiation from surfaces having a value of the 

product of a rea  times emissivity of AE and operating a t  the collector- 

radiator temperature, 

structure was then: 

The s t ray  losses  were 

The heat balance fo r  the collector-radiator 

4 
(A€ f 0.85 AR) 0- TR = Q collector 

where AR is the radiator a rea .  

a rea  was 33-8  cm , and a t  a bombardment power of 310.6 watts the 

radiator temperature achieved was estimated to be 841 " C  (section 6. 3). 

At this temperature, the emissive power of a black body is 8, 73 watts/cm . 
Substitution of the values in the above equation yielded AE = 6. 80 cm . 

For  model T/E-1, the actual radiator 
2 

2 

2 

Thus, for models which a r e  of identical geometry except for  the 

size of the radiator a r ea  i t  was concluded that the relationship between 

heat input and radiator temperature is: 

4 (6.80 4- 0.  85 AR) cr TR = 
'collector 

F o r  the model T/E-4 design, which has a radiator a rea  of 
2 38. 3 c m  

radiator temperature predicted f o r  any value of output current is then 

obtained from: 

(coated length of 2. 75 in. diameter of 0.685 in. ) 9  the 
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u T; = (105. 7 f 1.92 I )/6- 80 f 32 .  55) 
0 

2 
= 2 .69  .t 0.0488 I watts /cm 

0 

If the model T/E-4 design is used in converters which deliver a power 

of 50 watts at an  emitter temperature of 17OO0C, and at voltages 

ranging f rom 0. 6 to 0. 8 volt, the corresponding collector-radiator 

temperatures will be a s  follows: 

These collector- radiator temperatures a r e  practically exactly 

the optimum collector temperatures at the output current values 

tabulated. 
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10. FABRICATION OF MODEL T/E-4 

The fabrication sequence used fo r  model T/E-4 was similar 

to that used for the previous models, 

subassemblies and parts.  

of the sodium f i l l  tube to the collector radiator tube, and then brazing 

of the double-walled cesium tubulation to the collector face.. 

Figure 37 shows the initial 

In the sequence the first step was welding 

These 

two subassemblies were then welded together along the periphery of 

the collector. The resulting assembly, shown a t  the top left of 

Figure 37,  was then ready for insertion of the capillary structure,  

which is shown disassembled in the same figure. The capillary 

assembly consisted of wrapping and spot-welding the perforated 

capillary support sheet around a mandrel and the end disc, as  shown 

in Figure 38. 

400-mesh screen, which was folded over a t  the end and secured by a 

spot-welded end disc of mesh screen, a s  shown in Figure 39. 

assembly was slipped into the heat-pipe radiator, and the end of the 

perforated niobium support sheet was folded over, a s  shown in Figure 40. 

The end cap was placed in position, and welded with a heat sink in inert  

This assembly was then covered with 2 turns of 

The 

gas. Figure 41 shows the heat sink around the completed weld. 

The model was then ready for  outgassing, It was connected to  

the sodium fill manifold, and the same outgassing procedure used for 

T/E-3 was followed: The heat pipe was heated to 500°C for  33 hours 

while the ends of the chamber holding the sodium capsule were main- 

tained at 400 and 350" C. 

was allowed to cool for 13 hours 

the gases that i t  released were pumped out. 

reservoir assembly was then pinched off from the vacuum pumping 

At the end of this period of time, the assembly 

the sodium capsule was broken, and 

The heat-pipe-and-sodium- 
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Figure 37 
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F i g u r e  38 
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Figure  39  
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Figure 40 
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Figure  41 
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system, and it was t ransferred to an oven at 150°C fo r  two hours. 

This caused melting of the sodium, which was then t ransferred by 

gravity flow to the heat pipe. 

off along its copper discharge tube, and a second pinch-off along the 

niobium fill tube was performed by electron bombardment. 

completed the fabrication of model T/E-4, which was then se t  up f u r  

test. 

The sodium reservoir  was pinched 

This 
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T H E R M  E L e C T R O N  

11. TEST O F  MODEL T/E-4 

Tests on model T/E-4 consisted of a heat-transfer run, desig- 

nated as Run No. 1 on Table 4, a thermal-cycling run, designated as 

Run No. 2 on Table 5, and a steady-state run, designated a s  Run No. 3 

on Table 6. 

The heat-transfer run was intended to determine the heat-pipe 

and collector temperatures achieved for various values of heat input, 

and the procedures used paralleled closely those followed in the tes t  

of models T/E-l  and T/E-2. 

The heat pipe was instrumented with four thermocouples: one 

just below the collector face, one on the heat pipe support flange very 

close to the heat pipe, one at  the bottom end of the heat pipe on the end 

cap weld, and one on the cesium reservoir.  

As noted on Table 4, the thermocouple below the collector face 

intercepted some of the electron-bombardment power and overheated; 

a s  a result ,  i ts  indications were in e r ro r .  During the second thermal 

cycle, the collector overheated, and the thermocouple leads melted; 

this thermocouple was then removed, 

The heat pipe operation in the f i rs t  two runs was satisfactory. 

In the second thermal cycle i t  was noted that i f  a large amount of power 

(335  watts) is applied suddenly to the heat pipe, it i s  possible to over- 

heat the collector, probably a s  a Consequence of drying up the capillary 

wick in a film-boiling mode of sodium evaporation. 

thermal cycles, the power input was applied in two steps: 200 watts fo r  

1 minute, and then the full power. 

overheating was then observed. 

In subsequent 

No further evidence of collector 
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C O R P O R A T I O N  

In the steady-state run, the heat pipe operated 145 hours at 

maximum heat input, corresponding to an output of 124 amperes,  and 

then it developed a leak. The bell jar of the test system was opened, 

and the heat pipe was removed for visual observation. 

that a strong reaction had occurred in the region of the electron-beam 

weld, just below the collector face, where the heat-pipe tube is joined 

to the collector face. 

i t  was obvious that the capillary Structure at the collector face had 

melted and reacted with the adjacent niobium wall at the same time 

that the collector face had overheated during the second thermal cycle, 

and the collector thermocouple had melted. 

It was found 

Although no further examinations were made, 

A failure of this type can 

b’e avoided by protecting the heat pipe from massive and sudden heat 

loads, and also by the use  of a refractory-metal wick structure instead 

of a stainless steel  one. 
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12. INTERPRETATION OF MODEL T/E-4 HEAT TRANSFER DATA 

The contribution to power input due to electron-bombardment 

filament radiation was determined in the same manner that was used 

for model T/E-2. As can be seen f romthe  data on Table 4, data 

points 2 and 3 were obtained with almost identical filament power, 

and they differed by the fact that the power input for data point 2 

included 21 8,9 watts of electron-bombardment power, while no electron- 

bombardment power was applied in obtaining data point 3. The average 

heat-pipe temperatures achieved fo r  these two data points were 736°C 

and 272"C, respectively. Assuming that these temperatures were the 

effective temperatures a t  which the model was radiating heat, the 

following two thermal balance equations were written: 

4 
218.9 t Q, = EAU (736 t 273) 

4 
0 f QF = EAU (272 t 273) 

where Q 

for the effective black-body a rea  of the heat-pipe structure. 

for Q,, the value for filament heating obtained was 20.4 watts. Assum- 

ing that filament heating was proportional to the applied filament power, 

the values of collector heating achieved at the other operating conditions 

recorded on Table 4 were calculated, and they a r e  tabulated further 

below. 

stands for the heat input due to filament radiation, and EA 

Solving 
F 

The heat pipe temperatures achieved a t  the support flange and 

a t  the end cap weld differed substantially at  the lower temperatures, and 

this was not observed in models T/E-1 and T/E-2. It is an indication 

that, in model T/E-4, some residual gases interfered with the proper 
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condensation of sodium vapor. 

had a tendency to vanish, but it still  measured approximately 15°C. This 

penalized the performance of the heat pipe because it could not utilize 

efficiently the radiator a rea  at the colder end, and consequently the 

collector temperature was higher than normal. 

At the higher heat fluxes, the discrepancy 

Assuming that the temperatures recorded at the support flange 

were close to the collector temperatures achieved, and using equat ionfl)  

of section 6. 3, the observed thermal performance of T/E-4 was tabu- 

lated a s  follows: 

Data Point Number 
- 

B'ombardment Power watts 

Filament Contribution, watts 

Total Input, watts 

Collector Temperature, OK 

Corresponding Current, amperes 

The values of collector temperature were than plotted as a function 

of output current, and  Figure 42 gives the optimum collector temperature 

characteristic, and compares it with the predicted and observed charac- 

terist ics fo r  model T/E-4. As can be seen, the observed Characteristics 

agreed very well with the predicted curve. 

tures  achieved by model T/E-4 were optimum over a broad, useful 

output current range which extends from 40 amperes ,  where the collector 

is  50°C below optimum to 85 amperes,  where the collector is 30°C above 

optimum, 

f o r  these excursions of collector temperature away from optimum, the 

output will be less  than 1% different fr-om the fully optimized condition. 

Also, the collector tempera- 

Figure 42 f rom the JPL 950671 - Task 11 Final Report shows that 
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T H B R M O  E L E C T R O N  

13.  CONCLUSIONS 

The effort conducted under this program encountered greater 

technical difficulties than were originally anticipated. More devices 

had to be assembled than scheduled, primarily due to an unexpected 

embrittling reaction of niobium with chromium oxide coatings and 

also because of difficulty in controlling the flow of sodium into the 

heat-pipe structure during charging, 

these difficulties on the ra te  of progress of the work were countered 

by redirection of the effort by JPL to allow concentration on the more  

important aspects of heat pipe development. 

The detrimental effects of 

Under the redirected effort i t  has been possible to  meet all the 

original goals. 

has been developed which i s  of the proper size to handle the heat load 

A compatible heat-pipe collector-radiator structure 

of a T-200 converter, it has a known thermal responsep and it has 

been shown to withstand both thermal cycling and a nominal duration of 

operation at  heavy thermal inputs 

The heat pipe model T/E-3 demonstrated for the f i rs t  t ime the 

operation of a SET-type converter with a collector-radiator heat pipe. 

All J P L  requirements were met without failure of the model. 

One of the most interesting results was presented in Figure 35, 

which compares the dynamic and static performance obtained with 

T/E-3.. With the previous T-200 converters, this comparison had 

always shown agreement at low output currents,  but a t  higher currents 

the static data had been far below the dynamic data because the collector- 

radiator structure had been unable to handle the larger  heat transfer,  

and the collector overheated. The heat pipe of T/E-3 was designed to 
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avoid this limitation, and Figure 35 shows that the design was success- 

ful. 

a t  al l  measured values of output current. 

The static data has remained in agreement with the dynamic data 

With the model T/4 effort, a different-sized heat pipe has been 

developed which fits ideally the dimensional and thermal constraints of 

the T-200 converter with a simple structure. This model has also 

met all J P L  requirements. 

deficiency in  the thermal characteristics of the T-200 converter de- 

veloped under the concurrent J P L  Contract 951263, and a l so  reducing 

very significantly the weight of the T-200 Converter. 

It has permitted overcoming a basic 

Further refinements in heat-pipe collector-radiator technology 

will be found i n  the development of converters T-208, T-209 and T-210 

of J P L  Contract 951263. 
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